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Summary
Formation of the synaptonemal complex (SC), or synapsis,
between homologs in meiosis is essential for crossing
over and chromosome segregation [1–4]. How SC assembly
initiates is poorly understood but may have a critical role
in ensuring synapsis between homologs and regulating
double-strand break (DSB) and crossover formation. We
investigated the genetic requirements for synapsis in
Drosophila and found that there are three temporally and
genetically distinct stages of synapsis initiation. In ‘‘early
zygotene’’ oocytes, synapsis is only observed at the centro-
meres. We also found that nonhomologous centromeres are
clustered during this process. In ‘‘mid-zygotene’’ oocytes,
SC initiates at several euchromatic sites. The centromeric
and first euchromatic SC initiation sites depend on the cohe-
sion protein ORD. In ‘‘late zygotene’’ oocytes, SC initiates at
many more sites that depend on the Kleisin-like protein
C(2)M. Surprisingly, late zygotene synapsis initiation events
are independent of the earlier mid-zygotene events, whereas
both mid and late synapsis initiation events depend on the
cohesin subunits SMC1 and SMC3. We propose that the
enrichment of cohesion proteins at specific sites promotes
homolog interactions and the initiation of euchromatic SC
assembly independent of DSBs. Furthermore, the early
euchromatic SC initiation events at mid-zygotene may be
required for DSBs to be repaired as crossovers.Results and Discussion
Three Stages of Synapsis Initiation
Drosophila pro-oocytes develop within 16-cell cysts that are
arranged in temporal order within the ovary. Each ovary
contains several germaria, where pairs of pro-oocytes begin
their development and enter prophase in region 2a and a single
oocyte is selected by region 3 (Figure 1). Oocytes are defined
by the presence of the synaptonemal complex (SC), which is
detected by antibodies to the transverse element C(3)G [3],
a coiled-coil protein similar to proteins in budding yeast
(ZIP1), C. elegans (SYP-1, SYP-2), and mammals (SYCP1)
[4, 5]. Zygotene pro-oocytes were identified by their patchy
C(3)G staining, as opposed to the threadlike staining typical
of pachytene. Furthermore, by comparing the amount of
synapsis to the relative positions of the pro-oocytes in the
wild-type germarium, we defined three stages of zygotene.
First, early zygotene pro-oocytes have one or two patches of2Present address: Department of Genetics, Harvard Medical School,
Boston, MA 02115, USA
*Correspondence: mckim@rci.rutgers.eduC(3)G that colocalize with CID, a centromere-specific histone
H3 [6] (Figure 1). These pro-oocytes reside in the earliest
(most anterior) part of region 2a, indicating that synapsis initi-
ates at the centromeres before any other sites. These results
were confirmed by comparing CID localization to histone
modifications specific for the heterochromatin or euchromatin
(see Figure S1 available online). Because there are four pairs of
centromeres, the observation that most wild-type pro-oocytes
have one or two CID foci indicates that nonhomologous
centromeres cluster in meiotic prophase (Table S1), confirm-
ing an observation previouslymade using electronmicroscopy
by Carpenter [7].
Second, mid-zygotene pro-oocytes have the centromeric
C(3)G staining plus approximately six additional sites (6.4 6
4.2, Table S2) in the euchromatin (Figure 1; Figure S1). Finally,
late zygotene pro-oocytes contain many C(3)G foci but lack
the continuous threadlike pattern of pachytene. Surprisingly,
the mid-zygotene patches do not appear to get longer.
Instead, there are more patches in late zygotene, suggesting
that the progression from mid- to late zygotene involves the
establishment of new SC initiation sites rather than polymeri-
zation from the small number of sites in mid-zygotene. We
suggest that the noncentromeric C(3)G sites in mid-zygotene
represent the first euchromatic sites to initiate synapsis.
Below we provide evidence that the mid-zygotene sites
have features in common with centromere synapsis sites
but are mechanistically distinct and genetically separable
from the additional synapsis initiation sites observed in late
zygotene.
C(2)M Is Required for Progression beyond Mid-Zygotene
C(2)M is a lateral element component [8] and is a member of
the Kleisen family that includes Rec8 and Rad21 homologs
[9]. In wild-type, C(2)M colocalizes with C(3)G in most loca-
tions except at the centromeres (Figures 2A and 2B). In
females lacking C(2)M, the first two stages of zygotene
appear to occur normally (Figures 2C and 2D). Early zygotene
pro-oocytes exhibit one or two foci of CID (Table S1) that co-
localize with C(3)G, showing that C(2)M is not required for
centromere clustering or centromere synapsis. These results
confirm previous observations [10] that C(2)M is not required
for centromere clustering in pachytene oocytes and are
consistent with our observation that C(2)M does not localize
to the centromeric regions (Figures 2A and 2B). Early zygo-
tene in c(2)M mutants is followed by cysts with several
patches of euchromatic C(3)G staining that resemble wild-
type cells in mid-zygotene (5.1 6 2.6, Table S2). Synapsis in
a c(2)M mutant does not, however, progress beyond this
point (Figure 2D; Figure S2). Examination of histone modifica-
tions in c(2)M mutants (Figure S1) confirmed that synapsis is
blocked in mid-zygotene with a small number of euchromatin
initiation sites. Based on the similarities between wild-type
mid-zygotene and c(2)M mutants, we suggest that synapsis
initiates in a c(2)M-independent manner at a small number
of specialized sites on the chromosomes, which include
approximately six euchromatic sites and the centromeres,
and that C(2)M is required for additional initiation sites typical
of late zygotene.
Figure 1. Zygotene in Wild-Type Females
Meiosis occurs in the germarium of Drosophila ovaries. The most anterior portion (region 1, data not shown) is where four mitotic divisions generate 16-cell
cysts. Because the cysts move down the germarium as they age, the cysts in earlier stages of meiotic prophase are closest to the anterior end [7]. In region
2a, two of the 16 cells (pro-oocytes) enter meiosis as indicated by the appearance of the synaptonemal complex (SC) (shown by C(3)G in green). The most
anterior part of region 2a often contains pro-oocytes in zygotene. Regions 2b and 3 contain pachytene oocytes. Usually there is only one zygotene cyst in the
germarium, but when there were two or three, their relative positions are consistent with a temporal ordering based on the amount of SC. The centromeres
(shown by CID in red) are often associated nonhomologously in one or two clusters. The germarium shown here has at least three cysts with zygotene pro-
oocytes. They are labeled in order of their inferred developmental age, with pro-oocyte 1 being the youngest and showing only centromere SC, pro-oocyte 2
being in mid-zygotene with a small number of synapsis sites, and pro-oocyte 3 being in late zygotene with many synapsis sites. Pro-oocyte 4 is in early
pachytene and is in a different plane of focus than is shown in the whole germarium. The scale bar represents 5 mm. See also Figure S1.
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Double-Strand Breaks but Do Not Depend
on Recombination
There is a striking similarity between the number of euchro-
matic synapsis initiation sites (w6) during mid-zygotene and
the number of crossovers in Drosophila females (6.3; [11]). In
order to determine the relationship between SC initiation sites
and double-strand break (DSB) formation, c(2)M mutant
oocytes were stained for C(3)G and g-H2AV. We found that
DSBs in a c(2)M mutant are usually associated with a patch
of C(3)G staining (55/56 g-H2AV foci were touching or overlap-
ped a patch of C(3)G). This experiment was also performed in
an okr mutant background (okr encodes the Drosophila
homolog of Rad54) where the DSBs are not repaired and
g-H2AV staining accumulates, allowing all DSBs to be counted
[12] (Figure 3A). Most of the g-H2AV foci in okr c(2)M mutant
germaria (152/202 foci, or 75%, in regions 2a, 2b, and 3)
colocalized with a patch of C(3)G (Figure 3B), suggesting
that the initiation of SC and recombination usually occur within
the same region in c(2)M mutants. Indeed, MEI-P22, a protein
required for DSB formation, also colocalizes with the SC in
c(2)M mutant oocytes (Figures 3C and 3D). It should be noted
that our previous observations showed that DSB formation is
partially dependent on the SC [12]. Indeed, the number of
g-H2AV foci in the okr c(2)M double mutant in region 3 oocytes
was reduced (avg = 11.3, n = 3) compared to a okr single
mutant (avg = 20.6; [12]). Overall, these results suggest that
the SC, or a factor which stimulates SC formation, promotes
recruitment of proteins required for DSB formation.To investigate whether there is a connection between early
SC initiation events and meiotic recombination, double
mutants with c(2)M were constructed. Unlike wild-type, where
g-H2AV foci are not observed until pachytene [12], the block
in synapsis observed in c(2)M mutants allowed us to examine
the relationship between SC initiation and DSB formation. By
double staining with CID, we found that eliminating meiotic
DSBs with a mei-W68 mutation did not prevent formation of
either the centromere and euchromatic SC in a c(2)M mutant
(3.8 6 3.2; Table S2; Figure 4B;) [13]. The small decrease in
the number of euchromatic SC sites in the c(2)M mei-W68
double mutant may indicate that the number of initiation sites
is sensitive to DSB formation. Furthermore, SC initiation is not
grossly affected by a reduction in crossing over (mei-218), an
increase in crossing over (TM6), or a defect in DSB repair
(okr) (Table S2). DSBs do not occur in the heterochromatin
[12]; thus, it is not surprising that centromere SC is indepen-
dent of DSB formation. However, these results show that the
initiation of euchromatic synapsis at mid zygotene does not
depend on DSBs or crossovers.
Synapsis Initiation Sites Depend on Cohesion Proteins
Because DSBs or recombination are not required for synapsis
in wild-type or c(2)M mutants, we tested whether structural
components of the meiotic chromosomes regulate SC initia-
tion. ORD is a meiosis-specific protein required for cohesion
and crossover formation that may be a component of the SC
lateral elements [10, 14, 15]. Although previous studies have
shown that ord mutant oocytes generate threads of C(3)G
Figure 2. Comparison of Zygotene Stages in Wild-Type
and c(2)M Mutant Females
(A) In wild-type (WT) oocytes, C(2)M (red) and C(3)G
(green) colocalize, except at the centromeres (arrow).
(B) Wild-type oocytes stained for CID (red) and C(2)M
(green) also showing that C(2)M is underrepresented at
the centromeres (arrow).
(C and D) A comparison of zygotene stages in wild-type
(C) and c(2)M mutants (D) with C(3)G to mark the SC
(green) and CID to mark the centromeres (red). c(2)M
mutants are able to complete the first two stages of zygo-
tene. The pro-oocytes labeled late zygotene from c(2)M
was taken from a position (e.g., late region 2a) where in
wild-type there would be only late zygotene or early
pachytene nuclei. In all images the DNA is in blue and
the scale bars represent 5 mm. See Figure S2 for images
of whole germaria.
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zygotene progression has not been previously examined.
Consistent with previous results [10], we found that centro-
mere clustering is defective (Table S1) and the association of
SC proteins with the centromeres is disrupted in ord mutant
oocytes (Figure 4C). Furthermore, zygotene appeared abnor-
mal; rather than observing centromeric and euchromatic SC
initiation sites typical of mid-zygotene in early region 2a, we
found many ord mutant pro-oocytes with C(3)G staining only
around the nuclear DNA. Of the 108 pro-oocytes we examined
in five germaria, 36 (33%) had no nuclear C(3)G. The remaining
pro-oocytes (72, 67%) either had a number of C(3)G patches
that was more typical of late zygotene, usually in region 2a
(13.3 6 4.3, Table S2), or were in pachytene. We conclude
that the centromeric and euchromatic synapsis sites typical
of early and mid zygotene are absent in ordmutants, suggest-
ing that, in the absence of ORD, synapsis does not initiate
normally.
Because ord mutants do eventually form threads of SC, it
was difficult to be sure that SC initiation was defective. To
test whether ord has a role in mid-zygotene synapsis, we
tested whether the euchromatic patches of C(3)G in a c(2)Mmutant depend on ord. Even though both
single mutants exhibit at least some SC forma-
tion,most of the C(3)G staining in the c(2)M ord
doublemutant surrounded theDNA (Figure 4D;
Figure S2) and within the nucleus (Figure 4F).
This nonchromosomal C(3)G localization in
the c(2)M ord double mutant was much more
pronounced than in the ord single mutant. In
addition, C(3)G-staining ringlike structures
were observed similar to what has been
reported in some c(3)Gmissensemutants (Fig-
ure S2) [16]. All the nonchromosomal C(3)G
staining may be due to polycomplex formation
[4]. We identified c(2)M ord double mutant
pro-oocytes by the prominent C(3)G around
the DNA and found the number of C(3)G
patches on the chromosomes was drastically
reduced compared to wild-type zygotene or
either single mutant (1.4 6 0.6; Table S2).
These results demonstrate that ord is required
for the centromeric and euchromatic synapsis
sites observed in c(2)M mutants. Conversely,
C(2)M is required for the threadlike synapsis
observed in ord mutants. The synergisticphenotype of the double mutant suggests that there are two
types of synapsis initiation—one depends on ORD (early and
mid-zygotene) and the other depends on C(2)M (late zygo-
tene)—and that these are independent events. In the absence
of both types of synapsis initiation, C(3)G cannot load onto the
chromosomes and accumulates in polycomplexes.
Cohesins SMC1 and SMC3 Are Required for All Synapsis
Like other Kleisin family members, C(2)M has been shown to
physically interact with the cohesin subunit SMC3 [17]. To
determine whether C(2)M localization depends on an interac-
tion with cohesin, we examined oocytes lacking SMC1 and
SMC3. To examine oocytes lacking SMC3 (encoded by cap),
we used the recently developed short hairpin RNA (shRNA)
resource, which allows RNA interference (RNAi) knockdown
of gene expression in the Drosophila female germline (see
Supplemental Experimental Procedures; [18]). Both the chro-
mosomal localization of C(3)G and C(2)M were absent when
cap shRNA was expressed in the germline (Figures 4E and
4G; Figure S2). Furthermore, SMC1 staining was eliminated
(Figure 4H), suggesting that the RNAi was effective at knocking
out SMC3 function. Like the c(2)M ord double mutant, most
Figure 3. The Colocalization of Double-Strand Breaks
and SC Proteins in c(2)M Mutants
(A) In a okr single mutant, approximately 20 g-H2AV foci
(red) accumulate in a pachytene stage oocyte [12].
(B) In a okr c(2)M double mutant, there are fewer g-H2AV
foci that often colocalize with a patch of C(3)G (green).
(C and D) A similar situation can be observed with
MEI-P22 foci (in red). Scale bars represent 5 mm.
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suggesting that the function of SMC3 in synapsis occurs
through at least two independent interactions with C(2)M and
ORD. Unlike the c(2)M ord double mutant, however, we were
unable to distinguish the pro-oocytes from the nurse cells
because C(3)G staining was evenly distributed among the cells
in each germarium cyst. Importantly, oocyte selection was not
perturbed because one cell in each cyst accumulated ORB
protein, a cytoplasmic marker for the oocyte (Figures 4G and
4H). Thus, the loss of SMC3 may have a more severe pheno-
type than the c(2)M ord double mutant.
These results were confirmed with the analysis of SMC1
mutant germline clones (see Supplemental Experimental
Procedures). As with cap RNAi, there was an absence of
nuclear C(2)M and C(3)G threads in oocytes lacking SMC1,
indicating a complete block in synapsis (Figures 4I and 4J).
Also similar to cap RNAi, the accumulation of ORB in one
cell indicated that an oocyte was established (Figure 4J;
Figure S3). The only difference compared to cap RNAi was
that there was much less C(3)G staining around the periphery
of the DNA. We do not know whether this minor difference
is due to the different methods (RNAi versus germline clone)
or distinct functions of the two SMC proteins. Nevertheless,the results of these two experiments demon-
strate that SMC1 and SMC3 are required for
synapsis.
Conclusion
Synapsis initiation during zygotene in
Drosophila females occurs in three stages. In
early zygotene, the centromeres are the first
sites to accumulate the transverse filament
protein C(3)G. Indeed, cohesion proteins
SMC1, SMC3, and ORD are detected at the
centromeres before meiotic prophase (prior
to or during premeiotic S phase) [10], which
could explain why synapsis is first observed
at the centromeres. Interestingly, the SC also
forms first at the centromeres in budding yeast
and depends on cohesion proteins [19, 20]. In
mid-zygotene, synapsis initiates at a small
number of euchromatic sites. These first two
steps depend on the ORD protein. Finally, in
late zygotene, synapsis initiates at a larger
number of euchromatic sites. This stage
requires C(2)M and appears to occur through
a new set of initiation events rather than
extending synapsis, or ‘‘zipping up,’’ from the
mid-zygotene initiation sites. Indeed, the
synapsis initiation events in mid and late
zygotene are independent and genetically
separable, supporting amodel where synapsis
occurs through two independent waves ofinitiation events. In the absence of ORD, early and mid-
zygotene synapsis events are skipped and the late zygotene
initiation events occur with normal kinetics. This is not without
consequence, however, because at the electron microscopy
level, this synapsis is abnormal and tripartite SC is not visible
[14]. Both waves of synapsis initiation depend on the cohesin
proteins SMC1 and SMC3, which may interact independently
with C(2)M [17] and ORD.
In addition to its role in centromere synapsis, ORD and the
SMC proteins are required for the pairing and clustering of
centromeres, whereas the SC components C(2)M or C(3)G
are not. Thus, cohesion proteins may be able to function in
a pairing role independent of DSBs, as Rec8 does in budding
yeast for centromere coupling [20]. We suggest that the first
euchromatic sites to initiate SC assembly in Drosophila are
in regions where cohesion proteins are most abundant. This
model is attractive because it provides a mechanism for SC
initiation in the absence of DSBs. Interestingly, the number
of euchromatic initiation sites in mid-zygotene or in c(2)M
mutants approximates the number of crossovers in the
genome w6.3, [11]. Not only do these mid-zygotene sites
depend on ORD, but in ordmutants, crossing over is reduced
to less than 10% of wild-type [21], even though DSBs occur
Figure 4. The Effect of Cohesion Proteins on Zygotene and C(2)M Localization
In (A)–(E), a zygotene and pachytene pro-oocyte are shown for each genotype with CID in red and C(3)G in green. Similar to wild-type (A), in the absence of
double-strand breaks (DSBs) (B), SC still initiates in euchromatic locations. In contrast, early region 2a pro-oocytes in ordmutants (C) have patches of C(3)G
staining (green) around the outside of the nucleus but do not colocalize with the DNA or centromeres. This is followed by pro-oocytes that appear to be in
pachytene. A typical mid-zygotene with a small number of euchromatic SC patches is not observed. In a c(2)M ord double mutant (D) or pro-oocytes
expressing cap (SMC3) RNA interference (RNAi) (E), only the patches of C(3)G staining around the edge of the nucleus are observed. There is no evidence
of normal zygotene stages or centromere synapsis. The C(3)G in a c(2)M ord double mutant (F) is outside the DNA but inside the nuclear envelope, detected
using an antibody to nuclear lamin (red). C(3)G (G) andC(2)M (H) localization is eliminated in pro-oocytes expressing cap (SMC3) RNAi. Similarly, C(3)G (I) and
C(2)M (J) localization are eliminated in pro-oocytes lacking SMC1. Scale bar represents 5 mm. For images of full germaria, see Figure S2 and Figure S3.
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ord mutants is due to the absence of the synapsis initiation
sites at mid-zygotene. Whether the synapsis initiation sites
actually correspond to crossover sites awaits further study.
The linking of cohesion proteins and SC initiation has inter-
esting parallels with synapsis initiation in budding yeast.
ORDmay have a function similar to Rec8 because it is required
for synapsis at the centromeres and a subset of euchromatic
sites. Interestingly, our findings with C(2)M, which is not an
ortholog of Rec8, are also probably relevant to other species.
Several recent studies have revealed Non-Rec8 Kleisin
homologs in mouse (Rad21L; [22]) and C. elegans (COH-3
and COH-4; [23]). These parallels between the synapsis
pathway in flies and that of organisms that depend on DSBs
for synapsis could reflect the existence of a conserved under-
lying mechanism of synapsis. If synapsis initiation sites canbemarked prior to DSB formation in a process involving cohe-
sion proteins, and if proteins like Zip3 can be recruited in the
absence of DSBs, as is true in C. elegans [24] and likely in
Drosophila, the timingof theDSB thenbecomes less of adeter-
mining factor in the process of synapsis.
Supplemental Information
Supplemental Information includes three figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
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